In an effective and straightforward conversion, bis-semicarbazones and bis-thiosemicarbazones are transformed into a diversity of novel substituted bis-2-amino-1,3,4-oxadiazoles and bis-2-amino-1,3,4-thiadiazoles, respectively under ultrasonic irradiation. Bis-tetrazoles are obtained from the dialdehydes by sequential reaction with hydroxylamine hydrochloride, phosphorus pentoxide and sodium azide without isolation of the intermediates oximes and nitriles. All the reactions proceed cleanly and smoothly under mild conditions, with short reaction times and broad functional groups possibility. No side reactions were observed.
Introduction oxadiazole 3a (confirmed by NMR analysis) with a yield of 66% in 1 h (Table 1 , entry 1). Increases in both temperature and time slightly ameliorated the yield of the desired product (3a) ( Table 1 , entries 2, 3). In order to further improve the yield and to decrease the reaction time, we attempted the same reaction under ultrasound irradiation at room temperature and the results are shown in Table 1 (entries 4, 5) . From these results, it was observed that the ultrasound irradiation improved the product yield to a maximum of 88% of the bis-2-amino-1,3,4-oxadiazole 3a within 10 minutes (Table 1 , entry 5).
In spite of this satisfactory result, we have evaluated other conditions for optimizing an effective method for this synthetic reaction. By varying the amount of oxidant in the above reaction, it was found that the reaction yield increased with the increase in the amount of iodine from 2.0 to 2.3 equivalents and became steady thereafter (Table 1 , entries 7, 12, 13), establishing 2.3 equivalents of iodine as optimal for this protocol. In the next experiment, in order to determine the efficiency of ultrasound heating in the model reaction, a control run was undertaken using thermal heating under the same reaction conditions. It was found that when the temperature during ultrasound irradiation was modulated, 60 o C was the optimum temperature (Table 1 , entry 7). Moreover, on reducing the irradiation time to 5 min, the yield of the required product was decreased and some starting material remained unreacted (Table 1 , entry 6). The influence of irradiation frequency on the reaction efficiency was also studied (Table 1, entries [7] [8] [9] [10] [11] . Several ranges of irradiation frequencies were studied on the model reaction. On screening, it was found that, when the irradiation frequency was 20 kHz (Table 1 , entry 8), a low yield was obtained in 10 min. However, the reaction could not improve well in the irradiation frequency of 60 kHz (Table 1 , entry 11). In the frequency of 40 kHz, the yield of 3a was better than that with 30 kHz within 10 min (96%, Table 1 , entry 7). By increasing the irradiation frequency from 40 to 50 kHz (Table 1 , entries 7, 10), there was no significant improvement in the reaction yield (95%, entry 10).
Eventually, the optimal conditions for the model reaction were identified as ultrasound irradiation of 40 kHz frequency at 60 o C for 10 min using 2.3 equiv of iodine and 1.0 mmol of bis-semicarbazone derivatives 2a-f (Table 1, entry 7) . After corroborating the feasibility of the model system, the scope of this synthesis was evaluated by using a range of bis-semicarbazone derivatives 2b-f (Scheme 2, method 1). It was found that sonication is superior to the conventional method as it generates in almost all cases nearly quantitative yields of the desired products without the need for tedious purification steps.
Products 3a-f can also be obtained in one-pot synthesis without the isolation of intermediates 2a-f. Thus, upon completion of the condensation of dialdehydes 1a-f and the semicarbazide hydrochloride under ultrasound irradiation (monitored by TLC), the solvent was evaporated under reduced pressure and then the remaining bis-semicarbazones 2a-f were redissolved in 1,4-dioxane, followed by the addition of potassium carbonate and iodine and the reaction mixture was subjected to ultrasound irradiation at 60 o C for an additional 10 min to afford the required products (3a-f, Scheme 2, method 2). The structures of synthesized bis-1,3,4-oxadiazole derivatives 3a-f were elucidated by elemental analysis, IR, 1 H and 13 C NMR data, and high-resolution mass spectra. The 1 H NMR spectrum of derivative 3a showed a signal at 2.25 ppm corresponding to the CH 3 group. The singlets at δ 7.17 and 7.51 ppm were due to the NH 2 and aromatic protons, respectively. 13 C NMR spectra, C-2 and C-5 of the bis-1,3,4-oxadiazole moiety were observed around 164.1 and 157.8 ppm, respectively. The chemical shifts of the other carbons of the final bis-1,3,4-oxadiazoles were as expected. The high-resolution mass spectra (HRMS) of the synthesized derivatives were in conformity with the proposed structures. Encouraged by the success of bis-2-amino-1,3,4-oxadiazoles synthesis, we sought to further extend the scope of this practical approach by replacing semicarbazide hydrochloride with thiosemicarbazide aiming to prepare bis-2-amino-1,3,4-thiadiazoles 5a-f (Scheme 3). Upon completion (monitored by TLC) of the condensation of thiosemicarbazide and the corresponding dialdehydes 1a-f, the solvent was evaporated under reduced pressure and the remaining bis-thiosemicarbazones 4a-f were redissolved in 1,4-dioxane, followed by the treatment with molecular iodine and potassium carbonate. Stirring the resulting mixture at 60 o C under ultrasound irradiation for 10 min produced the desired bis-2-amino-1,3,4-thiadiazoles 5a-f in excellent yields (85-95%).
Scheme 3. Synthesis of bis-thiadiazole derivatives 5a-f.
Although the preparation of bis-tetrazoles (6a-f) under ultrasonic irradiation, to the best of our knowledge, has not been reported in the existing literatures until date, synthesis of relevant mono-tetrazoles have been achieved by several methods, for example, one-pot reactions for tetrazole synthesis have been carried out by using aldehydes, ammonia and iodine. [39] [40] [41] However, the use of ammonia should be avoided in order to prevent the generation of hydrazoic acid and nitrogen triiodide monoamine (explosive) which are formed from the reaction of ammonia with sodium azide and iodine, respectively. In order to prevent the formation of these dangerous and undesirable by-products, Khalid Mohammed Khan et al. 42 developed a method that included the replacement of iodine and ammonia with hydroxylamine and phosphorus pentoxide under thermal conditions for nitrile formation followed by addition of sodium azide for the synthesis of a number of tetrazoles, but this method had some shortcomings such as long reaction times and poor yields.
Scheme 4. Synthesis of bis-tetrazole derivatives (6a-f).
Our first approach to the synthesis of novel bis-tetrazoles commenced using the conventional method, with the reaction in DMF under reflux of the dialdehydes 1a-f and hydroxylamine hydrochloride followed by addition of phosphorus pentoxide (Schemes 4, 5).
These reactions yielded the corresponding dinitriles (8a-f, not isolated), which on reaction with sodium azide afforded bis-tetrazoles (6a-f) but in poor yields (Table 2) and their purification was difficult. Notwithstanding this outcome, we explored other conditions for the above reaction in order to obtain optimum conditions for this protocol. Under ultrasound irradiation, the synthesis of bis-tetrazoles (6a-f) was achieved by the addition of hydroxylamine hydrochloride in DMF to dialdehydes (1a-f) and heating (70 o C) under ultrasound irradiation (40 kHz) for 25 min to generate the corresponding oximes (7a-f). Phosphorus pentoxide was then added and the resulting mixture was heated under ultrasound irradiation for another 15 min. Finally, sodium azide was added to the formed bis-nitriles (8a-f) and the obtained mixture was heated for another 15 min followed by acidic work-up, furnished the required products (6a-f, Scheme 4) in excellent overall yields (88-95%, Table 2 ). This synthetic process comprises a new protocol for the synthesis of this class of bis-tetrazoles (6a-f). These derivatives displayed IR, HRMS, NMR spectra and elemental analyses consistent with the assigned structures (partial assignments are given in the Experimental section).
Scheme 5.
Proposed intermediates in the synthesis of bis-tetrazoles (6a-f). 
Conclusions
A powerful one-pot protocol has been developed to provide a rapid synthesis of bis-2-amino-1,3,4-oxadiazoles, bis-2-amino-1,3,4-thiadiazoles, and bis-tetrazoles from easily available starting materials. The use of ultrasonic irradiation effectively speeds up the reaction to produce higher yields within shorter reaction times than with conventional heating. These notable features make the present protocol appropriate for automation in a high-throughput synthesis of hybrid compounds which can be of potential use for medicinal chemistry purposes.
Experimental Section
General. Starting materials were commercially available and were used without further purification. Silica gel G [E-Merck] was used for thin layer chromatography (TLC). 1 H and 13 C NMR spectra were recorded using
Bruker UltraShield spectrometer at 400 and 100 MHz, respectively. Splitting patterns are designated as singlet (s), doublet (d), triplet (t), doublet of doublet (dd), doublet of triplet (dt), triplet of triplet (tt) quartet (q), broad (br). Splitting patterns that could not be interpreted or easily visualized are written as multiplet (m). High resolution mass spectra (HRMS) measurements were recorded on a Bruker Daltonics microTOF spectrometer. IR spectra were recorded on a Perkin-Elmer Spectrum One spectrometer, using samples prepared as KBr discs. Sonication was done in a SY5200DH-T ultrasound cleaner with an output power of 250 W and frequency range of 20-60 kHz. The reaction vial was placed in the maximum energy area in the cleaner. 44 Water was added or removed in order to control the bath temperature.
General procedure for the synthesis of bis-semicarbazones (2a-f)
Conventional Method. A 10 mL ethanolic solution of dialdehydes (1a-f) (1 mmol) was added dropwise to an aqueous solution of semicarbazide hydrochloride (2 mmol) and sodium acetate (2.5 mmol). The mixture was stirred well at room temperature for 2h (the reaction was monitored by TLC). The obtained solid was filtered, washed with chilled aqueous ethanol (3x5 mL), and dried to afford the desired products (2a-f). Ultrasound Method. A mixture of dialdehydes (1a-f) (1 mmol), semicarbazide hydrochloride (2 mmol) and sodium acetate (2.5 mmol) in aqueous ethanol (15 mL) was irradiated in the water bath of the ultrasonic cleaner at room temperature. To optimize time, the tests were implemented with several times (2, 5, 7, 10, and 15 min) and 5 min was selected as optimum time, also with increasing time from 5 to 15 min no changes were observed in the formed products. After completion of the reaction (confirmed TLC), the obtained solid was filtered off, washed with chilled aqueous ethanol (3x5 mL) and dried to afford the desired products (2a-f), which in all cases were essentially pure semicarbazones. 
3,5-Bis-[(2-carbamoylhydrazono)methyl]-4-hydroxybenzoic acid (2c)
. Yield 95%; light yellow solid; mp 205-207 o C; 1 H NMR (400 MHz, DMSO): δ 11.91 (s, 1H, OH), 10.45 (s, 2H, NH), 8.21 (s, 2H, CH=N), 8.16 (s, 2H, ArH)
Synthesis of derivatives 3a-f and 5a-f
A mixture of dialdehydes 1a-f (1 mmol), semicarbazide hydrochloride or thiosemicarbazide (2mmol) and sodium acetate (2 mmol, added only in case of semicarbazide hydrochloride) in aqueous ethanol (75%, 10 mL) was sonicated for 5 min. Then the solvent was evaporated under reduced pressure, and the resulting residue was redissolved in 1,4-dioxane (10 mL), followed by addition of potassium carbonate (3 mmol) and iodine (2.3 equiv.) in sequence. The reaction mixture was sonicated again at 60 o C for about 10 min (monitored by TLC). After cooling to ambient temperature, 5% Na 2 S 2 O 3 (30 mL) was added and the mixture was extracted with CH 2 Cl 2 /MeOH (6:4, 3x15 mL). The combined organic layer was dried over anhydrous magnesium sulfate and concentrated. Upon standing at room temperature, the corresponding bis-1,3,4-oxa(thia)diazoles were precipitated in pure form which is then washed with chilled ethanol, filtered and dried. 5-amino-1,3,4-oxadiazol-2-yl) Bis-(5-amino-1,3,4-oxadiazol-2-yl)-4-hydroxybenzoic acid (3c 5'-(1,4-Phenylene)bis-(1,3,4-oxadiazol-2-amine) 5'-(1H-Pyrazole-3,5-diyl)bis-(1,3,4-oxadiazol-2-amine) -[2-(5-amino-1,3,4-thiadiazol-2-yl) 
2,6-Bis-(

3,5-
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Synthesis of derivatives 6a-f
Dialdehydes (1a-f, 1 mmol) and hydroxylamine hydrochloride (2 mmol) were dissolved in dry DMF (10 ml). The reaction mixture was sonicated at 70 o C for 25 min under nitrogen. After completion of the reaction (as monitored by TLC), the reaction mixture was cooled to room temperature and 2.5 mmol of phosphorus pentoxide was added. The sonication was continued at 70 o C for another 15 min (till the disappearance of oximes). Sodium azide (2 mmol) was added to the resulting mixture and then sonicated at 70 o C for 15 min. After cooling to ambient temperature, 20 g of ice-water mixture was added and the pH of the medium was adjusted to be around 3 by addition of HCl (3 N). The mixture was extracted with CH 2 Cl 2 /MeOH (7:3, 3 x 15 mL). The organic layers were collected, washed with brine solution (3x10 mL), dried over anhydrous magnesium sulfate and evaporated under reduced pressure to afford a pure white solid of the desired products 6a-f. 4-Methyl-2,6-di-(1H-tetrazol-5-yl)phenol (6a 
